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1. ht rccuc t ion  

F o r  viscous Reynolds numbers, R e  ( = D/2:, C :- L;,.-:C - 1  

velocity of the sphere,  D = sphere diameter, 3 = k h e r ~ ~ r i c  I - " > (  . I',:*~ 

grea ter  than l o 4 ,  a sphere rising (o r  fzlling) ir- LT- YncrltZZFre,- . i ' . lc;  
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The basic physical assumption is the fc!l :w-kg: ir_ ‘ k  - F Z ~  -6:- , , t  

cf a large magnetic field, the wake of a f r ee  riZir&g 2 p F - e ~ ~  Y,- I :~  t .I 

nearly aligned with the direction of the rnagne5c ilPld.  T?X: r ? ~ =  r 

that  the axial wave number, cy, of the disturbzcce 5; v e r y  :x~.z:-:  

(a = IT D/X; the disturbance varies in the ver t ic r l  c?ir 3 c t ~  P’ E - 

e-yp (i 2 T z/X ) ), i . e . ,  the wake is nezrly ztrralg:‘ t. 3.- t i ’~--* : . 

disturbance is taken to be the limit, a s  a - 0, : “L-6 l?;c: 1 .-i 1.7 - - L  - -~ 

mode of an  axisymmetric wake. The sphere mc k- +bit , = i 

horizontal velocity of the disturbance. The f o r c -  G c e  +”!-e ci . <  

pres su re  on the sphere is composed of Dxc. p3-r: I :%rc--. - r  - A -  n I  - ‘1 

by the drag component due to the trarAsverse \ :Itby, z r  d _ _ _  - 4 -  1- - 

by  the radial acceleration of the sphere.  

Section I1 describes the steady flcw cvyr c=. -FL,erG,  “I -kf, I :- I < .  

of a large magnetic field. Section 11: g i v e ?  %e r r r  1 ; ’  a -  L 

disturbance theory as presented in (1). S F ” c 5  r. , . I :&  F ‘ Y *  -P.r I . a  . , . .* 7 
- -  

describing the helical motion 0f the sphere.  

11. The Steady Motion 

Consider a sphere rising verticallv In zri r c  x p r e  t &-; c 1 T -1r.k 

fluid due to the action of buoyancy. The r n s g r e 5 c  6%. I>l-.rnt I f 

the rnotion, R m ,  (=p cr U D/2 ,  p = magne’-,ic Lfic:rrG; 

ccnductivity) is very  small .  

the motion a r e  icsufficiect to change apprecizt l ;  :-_.; = p ~  I r ~  :: :nZ;i  ,-,( 

field, B .  

This means :Fit t’r,s t - u r z + r -  A - ~ ~ c -  : 

The ratio of magnetic to inertia f n r c  

Dv B2 
2 P U  

S =  
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where p 4s the fluid density. 

In this case the rztio of Alfven speed to sphere velwity,  , J b / R m ,  

We assume that S is I c z d t  r -r c r r  2 g -  I 

- 1  

grea ter  than one. The viscous Reynolds number i - ~  large : R e  33 1 :  

If the Hartman number, dS R e  , is grea ter  than R e j  :=--;rn~*: -IC 

flew occurs when this unequality is not met, priv:dt:a + h e  f - I l  r - 7  - r  

number is large.  In any case,  there is a? c p . t r s r r n  X I  e&-+ i - .  11 . 

F o r  d S  Re >> Re, the flow over the sphere c 5 -  1 -  ' 1 L '  :\.:--p 

of still fluid extending to infinity upstream a d  6 w r x : r G . :  m i : -'- F p. e r c  

(as dS Re -+ Q)). The column is a cylinder whc,;c g e c e r z i n r  f -  Lie-, L . cl - _. r 

. 3 $ 4 $ 5  
~[f d s ~e is not grea te r  than ~ e ,  it GL-Y ' .  - c of the sphere 

experimentally that the wake upstream hss a f i r 2 e  i~r--g-h (11. r g -  r A 3 

i b  l a rge r ) .  7 That is, the still column of fluL5 hzs 5 1~ng-L. xt- ~ t - 1 3  A :  ( r .  - - -  
as S increases .  Such a modification m a y  descrf: s: 'E.6 ff. -7: dc x; p. 1, 

. ' 

order  one. 

I -, . 
i. , 

P I P .  Stability Theory 

It is convenient to  introduce nendimer.-i+xz:1 1;uc-r f '  ,,_ +,i&. - 3 :i - .--,: : 

p c h t .  Non-dimensionalize lengths with D / 2 ,  ve2 )cities v:;-k- .,:-e. I-*,:::< 7 1 
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The nondimensionzl iab.:rati r y  and the electr ic  field with UB. 

co2rdinate sys tem is z positive upward, r the cylixder rzdiu-4, >rtd 

8 the azimuthal zngle. In these coordinates, the flow aver  tht 

sphere described in  the previous section, for  S l s rge ,  tzkes the f',:rm 

1, r < l  
u = {  0, r > l  

In (I) it is shown that 

unstable, however large S .  

and the electric field potential have the fo rm 

p = Real  part of { P(r) e ie  cia, (z-ct)  

@ = Real par t  of 

The shape of the mode is a helix as the curves m wkich Y : ct-rL - p  

cyz -). 8 = const, a r e  helixes. F r o m  (I), as (Y -* 0, c teccmc, 

1 i c = 2 +  7 

F r o m  (I), P(r), for  r < 1 is given by 
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where 11 is the modified Bessel function of the f i rs t  k i d ,  c f  C-rdyr 

one. F o r  small CY and S at least o rder  one, P(rj  bscczne5 

F r o m  (I), (r) ,  for  r < 1, is given by 

where B is linearly related to A .  F o r  (Y small, this k s c c r n e ~ :  

- ,  The radial  velocity of the disturbance is giver, t-j :he r<.cx:l 

momentum equation: 

In view of 8 and 10, this becomes 

Hence the perturbation velocity in the 8 direczir.3 may bc: f c  u r d  t . * h - 7  

continuity equation when the radial velocity is kncwn. :hi:. g:1s* 



. 
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{ -i 2A (c-l)j?- 
S i(1-c) u 8  = Real pa r t  of 

In the next section, equations 6 ,  8, 12, acd 1 3  a r e  used tii r G l z t r 4  

the force  on the sphere to its trajectory.  

IV. The Helical Motion 

T j  The results of the previous section can be s u m m - i ~ ~ c ~ . ~ ? .  :F 

dimensional form a s  follows, for  (Y - 0: 
u = U E c o s 0  r 

uB = - U E s in  0 

r p = p U2 SE D (-cos 0 + sin 9 9 

(1  5; 

!lr * 

The requirement that the sphere move with the hcrizor,tal d i c - u r l  -xr,c-P- 

velocity in the wake, i . e . ,  the wake i s  attached to the C;FhFre, n q ~ I : e z  

( f rom 14, 15) that the sphere i s  moving in the 8 = 0 direet ; rn  wl;rj 

velocity 

V = UE 

The force on the sphere due to i ts  horizcr_tal rnc5c-n l e  

‘ 1  7 ;  

where the integration is over the surface of the sphere.  
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The force in the Q = 0 direction is ( O@ a r e  spherical  p c k r  snglc..-.) 

which gives a thrust  

3l? Likewise, there is a l i f t  force in the 8 = directinn cf 

Provided the radial acceleration is sufficiently small ,  (i. e 

radius of the helical path of the sphere,  D / R  

sphere a s  it moves in a helical path a r e  given by 22 znd 2 3 .  

cf R i~ T ~ F  

the force‘ C E  tk. 

To have a steady motion, the thrust  must  equal the h c  rsz- E’=,! 

component of drag .  F o r  V / U  < < 1, this is 

which can be written as 

c D -  - - 2 s  3 
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Let  the apparent mass of the sphere In the horizontal directiur, 

be 

TD' 
K p  6 

F o r  steady motion, the mass of the sphere [density p plus the 

apparent mass times the radial acceleration must equal the l i f t :  

9 

which can be writ ten as 

The wave length, A ,  for  the helical path of the sphere is the time f e r  

one revolution times the vertical velccity. F r o m  26, 

Equations 21 and 24 are the principal results cvf this paper .  

21 forms  the basis  fo r  a possible experim-ental t es t  af the thecry.  

Equaticn 
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